I. INTRODUCTION
Gallium nitride (GaN) high electron mobility transistors (HEMTs) are a promising semiconductor technology for both high power radio frequency (RF) amplifier 1,2 and high voltage power conversion 3 applications, offering higher power density and efficiency than devices based on silicon (Si). However, the high power densities present in GaN HEMTs and their potential application in harsh environmental conditions lead to elevated channel temperatures. These elevated channel temperatures are believed to degrade device performance and accelerate device failures through thermoelastic (TE) stresses that induce structural damage in critical areas of the device. 4, 5 It has also been suggested that electromechanical [4] [5] [6] and electrochemical 7 phenomena may induce structural and chemical changes to critical areas of these devices owing to the strong piezoelectricity of this material system and its susceptibility to the diffusion of moisture through the passivation layers. Although thermal and electro-thermo-mechanical modeling is a useful approach for understanding the temperature, stress, and electric field distributions in GaN HEMTs, the variation of material properties among different GaN epitaxial structures and the complex physics in these devices require experimental validation to ensure that modeling predictions are quantitatively accurate.
Due to its superior spatial resolution of ≈1 µm compared to ≈5 µm for infrared (IR) thermometry, micro-Raman thermometry is one of the most popular techniques for measuring local temperature rise in GaN HEMTs. [8] [9] [10] While the earliest reports of micro-Raman thermometry equated the shift in the Stokes peak positions with the temperature rise alone, subsequent studies have highlighted the importance of accounting for inverse piezoelectric (IPE) 11 and thermoelastic stresses 12 and have demonstrated the ability to simultaneously measure the temperature rise and thermoelastic stress in the ON state. 13, 14 Yet, for several years, significant discrepancies have existed in the sign and order of magnitude of the IPE stress predicted by electro-mechanical modeling and measured by micro-Raman spectroscopy using the phonon stress coefficients. 11, 15, 16 In a recent study, we proposed that the vertical electric field along the c-axis strongly affects the Stokes peak positions of wurtzite GaN independently of the IPE strain and needs to be accounted for with a term depending on the electric field apart from that of the stress in the c-plane. 17 We also validated our hypothesis with measurements of the vertical electric field and in-plane IPE stress in GaN HEMTs using the simultaneous change in the Stokes peak position of two phonon modes.
In this work, we demonstrate the simultaneous measurement of temperature rise, in-plane stress, and the vertical electric field in GaN HEMTs using the simultaneous change in the position of three phonon modes, i.e., E 2 (high), A 1 longitudinal optical (LO), and E 2 (low), at any arbitrary gate and drain bias. This technique overcomes the limitation of previous approaches that measure temperature rise in GaN HEMTs in the ON state by using the pinched OFF state as the unpowered reference and assuming that the pinched OFF state removes the effects of IPE stress on the Raman spectrum. We show that micro-Raman measurements in the pinched OFF state with the three-peak fit method exhibit the same vertical electric field and in-plane stress validated in our previous work with two peaks 17 yet with zero temperature rise. Measurements in the ON state using our three-peak fit method yield the same vertical electric field as in the pinched OFF state at the same drain bias and approximately the same temperature rise and in-plane stress as the two-peak fit method with the pinched OFF state as the unpowered reference. 13, 14 Our measurements show good, quantitative agreement with our electro-thermomechanical model presented in this work and provide helpful physical insights into the electrostatic behavior of the GaN buffer. In addition to presenting a clear and systematic explanation of the Raman peak position changes observed in GaN HEMTs due to thermal, mechanical, and electrical changes, our work suggests that the same methodology can be applied to a variety of semiconductor devices to probe complex electrothermo-mechanical phenomena and validate multiphysics models.
Apart from its specific application to GaN HEMTs, our Raman-based simultaneous stress, electric field, and temperature measurement technique is one of the only a limited number of optical techniques available to measure electric fields in semiconductor devices. Other such techniques are based on the Kerr effect, 18 Pockels effect, 19 Franz-Keyldish oscillations excited by photoreflectance, 20 and optically detected magnetic resonance in nitrogen-vacancies in diamond. 21 However, each of these techniques has disadvantages, such as large uncertainty and poor spatial resolution 18 or the necessity of above bandgap optical excitation, 20 which generates excess carriers. In contrast, the Raman-based technique presented in this work offers high spatial resolution, good sensitivity, and relative simplicity of the experimental setup in view of the wide availability of commercial micro-Raman systems. Also, we believe our technique to be one of the only such optical electrometry techniques capable of decoupling the electric field from the stress and temperature in semiconductor devices at an arbitrary bias condition. However, it is limited to crystal classes for which one or more of the electric field components induce a first-order shift in the phonon frequencies.
Section II explains the theory of micro-Raman thermometry in GaN HEMTs, the various approaches to extracting the temperature rise from Raman spectra, and the simultaneous temperature, stress, and electric field measurement technique developed in this work. Section III describes our micro-Raman spectroscopy setup and the measured changes in Raman peak positions in the pinched OFF state and ON state of the GaN HEMT we tested. Section IV introduces the 2D semiconductor and 3D electro-thermo-mechanical modeling framework that supports our experimental results. Section V provides an analysis of the experimental and modeling results, showing good agreement between the model and experiment and highlighting the physical insights gained from our measurements. Finally, Sec. VI concludes with the key results of our work. We anticipate that this implementation of micro-Raman spectroscopy with the proper interpretation of the experimental data will be very valuable in future efforts to accurately measure the local temperature rise and develop a holistic picture of semiconductor device reliability in terms of the coupled electro-thermo-mechanical physics of failure.
II. THEORY
A. Phonon frequency response to temperature, stress, and electric field Micro-Raman spectroscopy is one of the most common techniques for characterizing the properties of iii-nitride materials due to the strong Raman activity of these materials, the relative simplicity of the experimental setup, and the wide availability of commercial micro-Raman systems. 22 In the Raman scattering process, a photon of wavelength λ 0 from the excitation source (typically a narrow linewidth laser) scatters inelastically to a different wavelength λ by emitting (Stokes process) or absorbing (anti-Stokes process) an optical phonon in the sample. Each optical phonon mode that is allowed by Raman scattering selection rules appears as a peak with a centroid ω and linewidth Γ that are related to the phonon frequency and lifetime. The Raman peak position ω = λ −1 0 − λ −1 specified in units of cm 1 is proportional to the phonon frequency, and the linewidth Γ (apart from the peak broadening introduced by the spectrometer) is inversely proportional to the phonon lifetime through the Heisenberg uncertainty relation. 23 Due to the fact that the phonon frequencies, lifetimes, and populations all vary with temperature, the Stokes peak positions, Stokes peak linewidths, and/or Stokes/anti-Stokes intensity ratio may be used to measure the temperature in GaN HEMTs with micro-Raman spectroscopy. 9, 12, 14 For wurtzite GaN, Ga-face HEMTs with the laser excitation incident along [0001] , and the Raman scattered light collected along [0001], i.e., thez (−, −) z backscattering configuration, only the E 2 (high), A 1 (LO), and E 2 (low) phonon modes are allowed 10 as shown in Fig. 1 .
The earliest studies of micro-Raman thermometry in GaN HEMTs 8, 9 utilized an empirical, nonlinear expression for the temperature dependence of the E 2 (high) peak position,
where ω(T ) is the Raman peak position at the temperature T in kelvin, ω(T = 0) is the Raman peak position at absolute zero 
where ω ON and ω OFF are the Raman peak position of the nth phonon mode measured in the ON state and the pinched OFF state at the same drain bias, A is the temperature coefficient, ∆T = T T 0 is the temperature rise, K is the biaxial stress coefficient, and (σ xx + σ yy ) TE /2 is the average stress in the c-plane, herein referred to as the "in-plane stress," induced by the thermoelastic (TE) effect. Provided that the coefficients A and K are known for the E 2 (high) and A 1 (LO) modes, Eq. (2) written for each of these peaks can be used to selfconsistently measure the temperature rise and thermoelastic stress from the change in the Raman peak position of these two modes. Although it is widely believed that using the pinched OFF state peak position ω OFF as the unpowered reference in both Eqs.
(1) and (2) removes the effect of the IPE stress on the Raman peak positions, analyzing Raman peak position changes between the pinched OFF state and the zero bias state ω 0 (V ds = 0) with the linear stress coefficient formula
results in measured IPE stress values that are one order of magnitude larger than modeled values and with opposite signs for the E 2 (high) and A 1 (LO) modes. 11, 16 In our recent study exploring the electric field dependence of the Raman peaks of wurtzite GaN, 17 we showed that fundamentally the optical phonon modes with E 2 and A 1 symmetry in wurtzite crystals shift linearly with temperature, stress, and electric field according to
where ∆ω is the shift in the Raman peak position between two states, K and A are the same biaxial stress and temperature coefficients as in Eq. (2),b is the phonon stress coefficient along the c-axis,c is the phonon shear stress coefficient in the c-plane, and B is the electric field shift coefficient.
The numerical values of these coefficients are different for each of the optical phonon modes, including the E 2 (high) and E 2 (low) modes despite these modes both transforming as E 2 . While the relations in Eqs. (2)- (4) (2), (5), and (6). One should note that the thermoelastic stress, IPE stress, and total induced stress described by this figure are stresses induced by changing the gate and drain bias.
c-plane, and the second term in Eqs. (3) and (4) 
This general expression we have written for the ON state also applies for the pinched OFF state at V ds ≥ 0 and V gs < V th but can be further simplified to
because we expect the temperature rise to be negligible due to the very low dissipated power when V gs < V th . In Eq. (6) 14 One should note that the phonon frequency shifts associated with the TE stress, the IPE stress, and the total induced stress occur when the device bias is changed; they are separate from the residual stress in the GaN buffer that occurs during epitaxial growth on a foreign substrate. The residual stress/strain in the buffer associated with the epitaxial growth process is accounted for by the shift between the zero bias frequency ω 0 in Fig. 2 and the frequency of theoretically strain-free wurtzite GaN [e.g., 568.15 cm 1 and 733.94 cm 1 for the E 2 (high) and A 1 (LO) modes 25 ].
Equation (5) provides the theoretical basis for the simultaneous measurement of temperature, stress, and electric field via micro-Raman spectroscopy proposed in this work. If one could measure the Raman peak position changes for three phonon modes, then the total induced in-plane stress (the sum of the IPE and thermoelastic stresses), the ON state vertical electric field, and the temperature rise could be simultaneously measured using Eq. (5 (2) is used with two peaks, the measured temperature rise ∆T should be the same. Measurements of the vertical electric field E z in the ON state and the pinched OFF state using Eqs. (5) and (6) should also yield approximately the same value of E z if indeed E z in the buffer primarily depends on the drain bias. 11, 16, 17 
B. Phonon frequency shift coefficients
Simultaneous measurement of the temperature, stress, and electric field using Eq. (5) and the measured frequency shifts of the E 2 (high), A 1 (LO), and E 2 (low) modes require accurate values of the coefficients K, A, and B for all three modes. In Table I , we list the measured and calculated values of these coefficients from the literature and this work. The biaxial stress coefficients K of the E 2 (high) and A 1 (LO) modes have been measured directly 25 or indirectly 26 by multiple groups with similar values, suggesting that these values are known to be within 10% accuracy or better. The temperature coefficients A of the E 2 (high) and A 1 (LO) modes were measured by Choi et al. 14 in a bulk GaN HVPE sample, which we believe to also be similarly accurate. Bagnall et al. 17 reported the electric field coefficient B for all three modes calculated by DFT, but the lower vertical electric field measured in the pinched OFF state with the E 2 (high) and E 2 (low) modes compared to the E 2 (high) and A 1 (LO) modes suggests that perhaps the actual B E 2 ( ) coefficient is smaller than the value of 0.47 cm 1 /(MV/cm) calculated in that work. Due to the limited data available in the literature for the E 2 (low) mode, we calculated new values of the stress and electric field coefficients and measured the temperature and stress coefficients of the E 2 (low) mode in this work.
The first principles calculations were performed within the Perdew-Zunger local density approximation (PZ-LDA) of DFT implemented in the QUANTUM ESPRESSO code. 27 TABLE I. Biaxial stress, temperature, and electric field coefficients for the zone center optical phonon modes of wurtzite GaN observed in the backscatteringz (−, −) z configuration with Raman spectroscopy. The values in square brackets are those used in the analysis of the experimental data in Sec. V. We used projector-augmented wave (PAW) pseudopotentials with plane-wave cutoffs of 60 Ry and 240 Ry for the energy and electronic density, respectively, and a 12 × 12 × 6 Brillouin zone sampling grid. The phonon spectra were calculated using a single unit cell within the density functional perturbation theory (DFPT) formalism. 28 We found this choice of density functional and pseudopotentials to give good agreement with experimental values of the lattice parameters, 29 elastic constants, 30 and phonon frequencies. 31 The strain phonon deformation potentials (PDPs) entering into the biaxial stress coefficients K were calculated from seven equally spaced strain values ii from 0.012 to 0.012. For the electric field coefficients B, we used the QUANTUM ESPRESSO implementation of the modern theory of polarization, taking seven equally spaced electric field values in the range from 9 MV/cm to 9 MV/cm. 32 Further details on these first principles calculations will be published in the future. 33 The values of the stress and electric field coefficients of the E 2 (high) and A 1 (LO) modes calculated by this methodology and listed in Table I agree to be within 5% of the values of K measured by Choi et al. 14 and B calculated by Bagnall et al. 17 via DFT in a different software package. The stress coefficient of the E 2 (low) mode calculated in this work (0.28 cm 1 /GPa), however, differs significantly from that of K E 2 ( ) = 1.09 ± 0.11 cm 1 /GPa derived from independent measurements of the stress coefficient along the c-axis b E 2 ( ) = 0.79 ± 0.04 cm 1 /GPa 26 and hydrostatic pressure coefficient K E 2 ( ) +b E 2 ( ) = 0.3 ± 0.1 cm 1 /GPa. 34 To validate our calculated value of K E 2 ( ) , we also measured this stress coefficient from the residual stress in GaN epilayers on 4H-SiC and sapphire substrates and obtained a value in very good agreement with the calculated value (0.28 ± 0.01 cm 1 /GPa). 33 Although we do not know the reason for the discrepancy between the value calculated and measured in this work and that reported in a previous study, 26 we believe that the value of K E 2 ( ) = 0.28 cm 1 /GPa is accurate. Due to the fact that Choi et al. 14 did not report a value for the temperature coefficient of the E 2 (low) mode, we measured A E 2 ( ) in this work using the experimental setup described in Sec. III. Our calculated electric field coefficients agreed to be within 5% of the values reported by Bagnall et al. 17 for the E 2 (high) and A 1 (LO) modes but yielded a smaller value of B E 2 ( ) = 0.26 cm 1 /(MV/cm).
III. EXPERIMENTAL SETUP AND MEASUREMENTS
Similar to our previous work, 17 we measured changes in the Raman peak positions of commercially available, discrete GaN HEMTs fabricated on 4H-SiC substrates (CGHV1J006D, Cree) designed for RF applications. The GaN HEMT was mounted to the 5 × 5 mm 2 quad flat no leads (QFN) milled-out package (Open-Pak, SEMPAC) with ≈50 µm thick silver (Ag)-filled epoxy (Duralco 120, Cotronics), which was soldered to a printed circuit board (PCB), mounted on a 3 mm thick copper block, and maintained at a constant base temperature by a thermoelectric cooler (TEC, TE-127-1.0-2.5, TE Technology). The epitaxial structure of these 6 × 200 µm HEMTs as reported by the manufacturer include an ≈20 nm Al 0.22 Ga 0.78 N barrier, ≈1 nm thick AlN interlayer, 1.4 µm iron (Fe)-doped GaN buffer, and 100 µm 4H-SiC substrate with a gate length of L g = 0.25 µm. 35 Cross-sectional scanning electron microscopy (SEM) images also show the presence of an ≈50 nm thick AlN nucleation layer between the GaN buffer and SiC substrate, a gate-connected field plate, and a source-connected field plate (SCFP).
Raman spectra of the GaN buffer were collected in thē z (−, −) z backscattering configuration with the free space micro-Raman spectroscopy system described in our previous work 17 and shown in Fig. 3 . The system consists of a single longitudinal mode diode laser (λ = 632.904 nm, SLM-FS, REO), an optical microscope (BX41, Olympus), a dichroic beam splitter (LPD02-633RU-25, Semrock) and a long pass   FIG. 3 . Micro-Raman spectroscopy system developed for this work. "BS" and "L" refer to beam splitter and lens, respectively. edge filter (LP02-633RU-25, Semrock), and a 750 mm focal length spectrograph (Acton Spectra-Pro SP-2750, Princeton Instruments) equipped with a 1800 G/mm grating. The 100×, NA = 0.8 microscope objective (LMPlanFL N, Olympus) used to focus the laser excitation on the sample and collect the Raman scattered light resulted in a laser spot size of ≈1.0 µm and a depth of field of ≈4 µm. The depth of field being greater than the thickness of the GaN buffer (1.4 µm in our sample) indicates that the measured changes in the Raman peak positions represent the average through the thickness of the GaN buffer. The laser power measured at the sample plane was ≈20 mW, and the Raman collection time was 1 s. Each Raman peak was individually calibrated with the spontaneous emission lines of a neon calibration lamp (6032, Newport) placed in the optical path to ensure high precision and repeatability. For the measurement of the temperature coefficients listed in Table I , the change in Raman peak positions with increasing temperature from 20 • C to 200 • C was measured in a semi-insulating bulk GaN HVPE sample (GB.SE.010.Ga.C, Kyma Technologies) on a temperature stage with an accuracy of 0.5 • C (HCP621V, Instec).
The micro-Raman spectroscopy system was integrated with a precision source/measure unit (SMU, B2902A, Agilent) to simultaneously bias the HEMT or the device under test (DUT) and record Raman spectra while maintaining the backside temperature of the DUT at 20.0 ± 0.1 • C with the TEC. In order to illustrate the methodology of simultaneously measuring temperature, stress, and electric field shown in Fig. 2 , we measured the shift in the Raman (Stokes) peak positions of the E 2 (high), A 1 (LO), and E 2 (low) modes adjacent to the source-connected field plate (SCFP) in the gate-drain access region. Measurements of the pinched OFF state were taken at a gate bias of V gs = 5 V, while the drain bias was increased from V ds = 0 V to 40 V. In the next experiment in the ON state, the gate bias was set to V gs = 2.85 V (required to keep the current below the SMU current compliance of 100 mA), while the drain bias was increased from V ds = 0 V to 40 V. In the pinched OFF state, the drain and gate leakage currents were both less than 6 µA/mm so that the temperature rise due to self-heating was negligible. The changes in the Raman peak positions of the E 2 (high), A 1 (LO), and E 2 (low) modes for the DUT biased in the pinched OFF state and ON state are shown in Fig. 4 . Typical uncertainties (95% confidence intervals) for the change in Raman peak positions ∆ω = ω(V ds ≥ 0) ω(V ds = 0) were ±0.01 cm 1 for the E 2 (high) and E 2 (low) modes and ±0.05 cm 1 or lower for the A 1 (LO) mode. For the measurements shown in Fig. 4 , we treated ω(V ds ≥ 0) and ω(V ds = 0) as independent measurands to calculate the 95% confidence intervals from the standard deviation of ten spectra collected at each drain bias point.
In the pinched OFF state measurements shown in Fig. 4(a) , the frequencies of E 2 (high) and E 2 (low) peaks increased while the frequency of the A 1 (LO) peak decreased, similar to our previous work. 17 This is because a positive drain bias V ds ≥ 0 V induces a negative electric field component E z along the c-axis in the gate-drain access region, which shortens and stiffens the Ga-N bond along the c-axis (resulting in ∆ω A 1 (LO) < 0) and lengthens and relaxes the Ga-N bonds in the c-plane (resulting in ∆ω E 2 (h) , ∆ω E 2 ( ) > 0). The magnitudes of the frequency shifts differ owing primarily to the difference in electric field coefficients B for each mode listed in Table I with B E 2 ( ) < B E 2 (h) < B A 1 (LO) . For the ON state measurements shown in Fig. 4(b) , the frequencies of all three peaks decrease, primarily because of the negative values of the temperature coefficient A for all three modes listed in Table I . The A 1 (LO) mode shows the sharpest decrease in frequency with drain bias because of the combined effects of larger temperature and electric field coefficients and a smaller biaxial stress coefficient than the E 2 (high) mode. The E 2 (high) mode and E 2 (low) mode show a coincidentally similar frequency shift from V ds = 0 V to 20 V due to the complex contributions of temperature rise, in-plane stress, and vertical electric field with different coefficients for each mode. Beyond V ds = 20 V, however, the frequency of the E 2 (high) mode decreases more rapidly due to the stronger influence of the temperature rise on the phonon frequency.
Although it is often not explicitly discussed in the micro-Raman thermometry literature, most reports of microRaman thermometry in GaN HEMTs have assumed that the temperature, stress, and/or electric field measured by the Raman peak shifts represent the averages of these quantities through the thickness of the GaN buffer across an ≈1 µm diameter spot. Beechem 36 validated and Bagnall et al. 16 examined this assumption for the temperature and IPE strain, respectively, and found it to be correct for typical temperature and strain gradients in the GaN buffer. In this work, we note that this assumption of depth averaging through the GaN buffer is particularly important as it relates to the vertical electric field E z = E z (x,z), which is known to vary significantly along the channel and through the thickness of the GaN buffer. At a particular point x along the channel, the depth-averaged vertical electric field by definition is given by the potential difference across the buffer divided by the thickness of the buffer L b ,
regardless of the spatial variation of E z (x,z) with z. This is a crucial statement as it suggests that measurement of the average vertical electric field can experimentally assess the potential difference across the GaN buffer and probe its electrostatic behavior, which we discuss further in Sec. IV A and the Appendix.
IV. MODELING
To support our experimental measurements of the temperature, stress, and electric field described in Sec. III, we developed an uncoupled electro-thermo-mechanical model of the GaN HEMT using the Silvaco ATLAS/BLAZE 37 and COMSOL Multiphysics 38 finite element analysis (FEA) software packages. First, we computed the 2D electric potential ϕ(x,z) and power dissipationQ v (x, z) distributions with a selfconsistent electro-thermal model in Silvaco ATLAS/BLAZE. Then, we imported ϕ andQ v into a 3D electro-thermomechanical model in COMSOL Multiphysics including the thermoelastic and piezoelectric effects to compute the temperature, stress, and electric field. We chose this uncoupled, two-step modeling approach because of the prohibitive computational cost of modeling a multifinger GaN HEMT with full coupling of the stress tensor with semiconductor device electrostatics 4 and because of our focus on validating microRaman measurements of the GaN buffer rather than the dependence of the HEMT operation on the electro-mechanical state of the AlGaN barrier. The accuracy of our uncoupled model is supported by the principle that the relatively small mechanical stresses ( 200 MPa) induced by the thermoelastic and IPE effects will not significantly change the electric field distribution since the peak electric field magnitudes are already very large in GaN HEMTs (∼2 MV/cm). These two steps and their results are described in more detail in Secs. IV A and IV B.
A. 2D semiconductor device model
Semiconductor device modeling of GaN HEMTs is often challenging because of an incomplete knowledge of the device structure and material properties, the strong sensitivity of the results on the material properties and constitutive relations (many of which differ among experimental reports or are only available by modeling), non-ideal effects introduced during device fabrication, and variability among a population of devices. 39, 40 In practice, one frequently adjusts the values of certain parameters in order to match the currentvoltage characteristics of the model to those measured on one or more devices. While this "calibration" of the semiconductor device model limits the predictive capability of the model, it is a practical necessity due to the complex physics of semiconductor devices, especially for a less mature technology like GaN HEMTs. In our 2D electro-thermal model implemented in Silvaco ATLAS/BLAZE, we have limited the number of adjustable parameters to two (AlGaN barrier thickness and ohmic contact resistance) in order to match the measured transfer (I d V gs ) and output characteristics of the DUT, which we describe in more detail in the following paragraphs. The key results of this model are the electric potential, vertical electric field E z = ∂ϕ/∂z, and power dissipation distributions as inputs to the 3D electro-thermo-mechanical model that are more accurate than if we assumed their spatial distribution a priori.
The semiconductor device model was implemented in Silvaco ATLAS/BLAZE with the drift-diffusion model and both electron and hole current continuity equations. Selfheating of the HEMT was self-consistently accounted for in the model through the GIGA module with the power dissipation due to Joule heatingQ v = J · E and temperature-dependent material properties. We believe the drift-diffusion transport model to be sufficiently accurate for the purposes of this work because we observed the heat generation region to extend ≈0.2 µm-1 µm along the channel (depending on the drain bias), whereas velocity overshoot in wurtzite GaN occurs over distances of ≈0.1 µm. 41 The HEMT geometry and epitaxy dimensions were taken from the values published by the manufacturer 35 or cross-sectional SEM images. The energy band parameters, 42 temperature-and electric field-dependent electron mobility relations, 43 and dielectric constants 30, 45 for AlN, AlGaN, GaN, and 4H-SiC were taken from various references in the literature. The properties of the Al 0.22 Ga 0.78 N barrier were interpolated between the properties of AlN and GaN using Vegard's rule (linear average) except for the bandgap, for which the recommended bowing parameter of C = 0.7 was used. 42 The electron mobility of the two-dimensional electron gas (2DEG) was assigned a value of 2000 cm 2 /V s at room temperature 35 with an electric field-dependence from Monte Carlo simulations 46 and a temperature dependence of ∼T 2.5 from measurements in the literature, 47 where T is the absolute temperature in kelvin.
The thermal conductivity values of GaN (k 300 = 170 W/m K 48 ) and 4H-SiC (k xy,300 = 490 W/m K and k zz,300 = 390 W/m K 49 ) with their temperature dependencies of ∼T n (n = 1.44 for GaN 48 and n = 1.49 for 4H-SiC 50 ) were also taken from the literature. The thermal conductivity of the ≈50 nm thick AlN nucleation layer was set to 10 W/m K to provide a GaN-SiC thermal boundary resistance (TBR) of 5 × 10 9 m 2 K/W 51 that is temperature-independent. 48 The thermal conductivity of the AlGaN barrier was assigned an approximate value of 10 W/m K to account for the significant reduction in thermal conductivity compared to AlN and GaN due to alloying 52 and mean free path suppression effects owing to its ≈20 nm thickness. 53 Finally, the thermal conductivity of the Ag-filled epoxy was set to a constant value of 7 W/m K as reported by the manufacturer. 54 Our methodology for reproducing the measured currentvoltage characteristics of the DUT with the ATLAS/BLAZE model was to match the measured and modeled transfer characteristics shown in Fig. 5 at V ds = 0.1 V by adjusting the gate threshold voltage (V th ) and drain current (I d ) through the AlGaN barrier thickness and ohmic contact resistance. The gate threshold voltage is strongly affected by both the polarization sheet charge at the AlN/GaN interface and the AlGaN barrier thickness; thus, one could modify either or both of these quantities to obtain the experimentally measured V th = 3.3 for the DUT. We chose to fix the polarization sheet charge at the AlN/GaN interface to the value of +1.17 × 10 13 cm 2 predicted by the difference in polarization between Al 0.22 Ga 0.78 N and GaN 55 and the measured residual stress of the GaN buffer of our DUT, resulting in a 2DEG concentration of n s = 9.5 × 10 12 cm 2 within the expected range. 35 The Schottky barrier height of the gate contact was set to φ B = 1.1 eV, which is typical for the Ni/Pt/Au gate metallization at Al mole fractions of ≈0.22. 55, 56 Although the manufacturer of the DUT we tested reported an AlGaN barrier thickness of 25 nm as typical in their device structures, 35 its exact thickness in our sample is unknown. We know that other AlGaN/GaN-on-SiC epitaxial structures from the same manufacturer have AlGaN thicknesses as small as 16 nm and found that setting the AlGaN barrier thickness to 19 nm for our DUT correctly reproduced the measured threshold voltage of ≈3.3 V. Then, we added an ohmic contact resistance to the source and drain contacts to reduce the drain current to its experimentally measured value of 35 mA at V ds = 0.1 V and V gs = 0 V. Unfortunately, we were not able to experimentally validate the ohmic contact resistance value for this DUT because this device did not include transmission line method (TLM) structures needed to independently measure the contact resistance. We found the output characteristics measured at V gs = 2.85 V from One critical issue in the ATLAS/BLAZE model as it relates to the vertical electric field E z across the GaN buffer is the influence of traps, impurities, or deep levels (intentional dopants or unintentional contaminants) on the electrostatic behavior of the buffer. As we discuss in greater detail in the Appendix, the presence of intentional iron (Fe) doping and unintentional carbon (C), oxygen (O), and Si incorporation results in either a highly resistive n-type or a highly resistive p-type GaN buffer, depending on the relative concentrations of Fe and C as deep acceptors and Si and O as shallow donors. When the concentration of substitutional carbon at the nitrogen site [C N ] is greater than the total shallow donor concentration N D , the Fermi level in the bulk of the GaN buffer is pinned near the C N trap energy level (0.9 eV above the valence band 57 ), resulting in a highly resistive p-type GaN buffer and the buffer-drain acting as a reverse biased p-n junction. 58 58, 59 ), resulting in a highly resistive n-type GaN buffer. In the case of a p-type GaN buffer, essentially all of the increase in electric potential ϕ due to increasing the drain bias V ds occur across the GaN buffer until the buffer is depleted as predicted by standard p-n junction theory. 60 Therefore, the depth-averaged vertical electric field across the GaN buffer between V ds = 0 and V ds ≥ 0 at the same gate bias is approximatelȳ E z = −V ds /L b according to Eq. (7). However, when the GaN buffer is a semi-insulating n-type material, the drain and source can communicate electrostatically by freely changing the electron quasi-Fermi level of the buffer, resulting in a lateral potential drop from drain to source and average vertical electric field Ē 61 As shown by the potential distributions ϕ(x,z) in Figs. 6(a) and 6(b), the electrostatic behavior of the buffer is strongly affected by its p-type or n-type character, even if it is semiinsulating in both cases. Because the average vertical electric field in the pinched OFF state derived from the micro-Raman measurements shown in Fig. 4 and analyzed in Sec. V A closely follows the p-type buffer case when [C N ] > N D , we proceeded to use the ATLAS/BLAZE model with the p-type buffer for the remainder of the modeling in Sec. IV B and comparison to the experimental data in Sec. V. We also plotted the difference in electric potential between V ds = 0 V and V ds = 40 in the ON state at V gs = 2.9 in Fig. 6(c) , which is very similar to the electric potential difference in the pinched OFF state shown in Fig. 6(a) supports the prior hypothesis 11 and our experimental finding in Sec. V B that the average vertical electric field in the gatedrain access region is approximately the same whether the channel is open or closed. Finally, the dissipated power densityQ v in the ON state at V ds = 40 V and V gs = 2.9 V used as the input for determining the temperature rise in the COM-SOL Multiphysics model in Sec. IV B is shown in Fig. 6(d) . The majority of the total dissipated power occurs in an ≈1 µm region adjacent to the intrinsic gate in the gatedrain access region due to depletion of the 2DEG in this region.
B. 3D electro-thermo-mechanical device model
With the electric potential and dissipated power density distributions calculated by the 2D ATLAS/BLAZE as the inputs, we developed a 3D electro-thermo-mechanical model of the DUT in COMSOL Multiphysics to compute the temperature rise and mechanical stress induced by self-heating and the thermoelastic and inverse piezoelectric effects. These 2D distributions in the (x,z) plane were set to constant values over the gate width direction (y) and zero in the inactive region beyond the extent of the gate. This COMSOL model first solved the steady-state heat conduction equation
to find the temperature distribution T (x,y,z) from the dissipated power density and then solved the static equilibrium equation
subject to the constitutive relation for piezoelectric and thermoelastic solids,
where ij and σ ij are the strain and stress tensors, E k is the electric field vector, S ijkl is the elastic susceptibility tensor, d kij is the piezoelectric modulus tensor, and α ij is the coefficient of thermal expansion tensor. 62 The elastic and piezoelectric properties of GaN, 30 AlN, 44 and 4H-SiC 63, 64 were taken from the literature, and the elastic modulus and Poisson ratio of the Ag-filled epoxy were estimated to be E = 1 GPa 65 and ν = 0.3. To limit the complexity of this large-scale 3D model, the AlGaN barrier, the AlN interlayer, gate metallization, and field plates were not included in the COMSOL model. We did include the SiN passivation and gold (Au) source and drain metallization for which we used the default properties in COMSOL Multiphysics. Although the thermal and mechanical properties of SiN passivating layers may vary depending upon the deposition method, they do not strongly affect the temperature and stress in the GaN buffer because the primary heatsinking and mechanical clamping of the buffer is provided by the SiC substrate.
For the mechanical boundary conditions, the bottom of the Ag-filled epoxy die-attach was set to zero displacement and the sides and top of the HEMT die set to free boundaries (zero stress). For the thermal boundary conditions, the sides and top of the HEMT die were also set to adiabatic (thermally insulated) boundaries to model the negligible heat transfer by natural air convection. Initially, we set the thermal boundary condition at the bottom of the epoxy die-attach to a finite conductance equivalent to a thermal resistance of 5.7 • C/W to account for the conduction resistance of the QFN package paddle, the lead tin (Sn63/Pb37) solder via under the DUT, and the copper block. However, we found that the modeled temperature rise was lower than the measured temperature rise using the E 2 (high) and A 1 (LO) modes with the pinched OFF state taken as the unpowered reference according to Eq. (2), which suggests that there is an additional thermal resistance between the die-attach and the TEC maintained at 20 ± 0.1 • C. Therefore, we increased the thermal resistance between the bottom of the epoxy die-attach and the ambient in the model to 41.9 • C/W to match the experimental temperature rise at one data point (V ds = 20 V, V gs = 2.85 V, and P diss = 1.02 W) and kept this value fixed for all of the remaining simulations, similar to Ref. 66 . The source of this additional thermal resistance may be incomplete filling of the solder via and thermal contact resistances between the QFN paddle, solder via, and copper block due to the limited packaging capabilities in our laboratory. However, as the E 2 (high)/A 1 (LO) two-peak fit method has already been validated quantitatively by Choi et al. 14 for a GaN HEMT with a more well-controlled package structure, we believe that this approach is appropriate. Contour plots of the vertical electric field, IPE stress, temperature rise, and total stress are shown in Fig. 7 at V ds = 40 V in the pinched OFF state at V gs = 5 V and in the ON state at V gs = 2.9 V.
As discussed in our previous work concerning the vertical electric field in GaN HEMTs measured by micro-Raman, 17 the vertical electric field in the gate-drain access region and under the drain contact plotted in Fig. 7(a) for the pinched OFF state is negative (pointing from the top to the bottom of the GaN buffer) owing to the decreasing electric potential from the top to the bottom of the buffer. The E z (x,z) profile is piecewise linear with depth z (not exponential as discussed in Ref. 67 ) since the buffer-drain acts as a reverse-biased p-n junction when [C N ] > N D and is only weakly dependent on distance along the channel x beyond the edge of the source-connected field plate (SCFP). Because the vertical electric field is confined to the SiN passivation, AlGaN barrier, and GaN buffer and because the GaN buffer is piezoelectric and substantially thicker than the passivation and barrier, the induced IPE stress shown in Fig. 7(b) is primarily confined to the GaN buffer. The IPE stress in the buffer is compressive (σ xx ,σ yy < 0), piecewise linear with depth, and weakly dependent on distance along the channel in the gate-drain access region as it is approximately proportional to the local vertical electric field. 16 The temperature rise in the ON state plotted in Fig. 7 (c) is highest at the edge of the gate on the same side as the drain due to the concentration of dissipated power in that area [see Fig. 6(d) ] and decreases with distance away from the HEMT channel. In this DUT, the temperature rise is fairly uniform in the GaN buffer because of the relatively high thermal resistance of the die-attach and package. The total stress shown in Fig. 7(d) is compressive due to the compressive contributions of the IPE and thermoelastic stresses in the ON state. The larger coefficient of thermal expansion of GaN compared to 4H-SiC and SiN and the higher temperature of the GaN buffer are responsible for the compressive thermoelastic stress, which reaches its maximum value at the top of the buffer and varies slightly with depth in the buffer.
V. RESULTS AND ANALYSIS

A. Pinched OFF state
The theory developed in our previous work 17 and in Sec. II of this work leading to Eq. (6) proposes that the vertical electric field and in-plane IPE stress can be self-consistently measured in the pinched OFF state from the changes in peak positions of the E 2 (high) and A 1 (LO) modes according to
under the assumption of zero temperature rise. However, we have uniquely proposed in this work that the temperature rise, the in-plane stress, and the vertical electric field can be measured simultaneously with a similar system of equations derived from Eq. (5),
from the changes in peak positions of the E 2 (high), A 1 (LO), and E 2 (low) modes. Although Eq. (5) is written for the ON state (V gs > V th ), it is equally valid to apply it to the pinched OFF state (V gs < V th ) because it is derived directly from Eqs. (3) and (4) . If Eqs. (11) and (12) are correct, the inplane stress and vertical electric field values obtained from the two-peak fit and three-peak fit should be the same with the three-peak fit yielding ∆T ≈ 0. We have analyzed the measured changes in Raman peak positions shown in Fig. 4(a) and plotted the vertical electric field, the average in-plane IPE stress, and the temperature rise using these two experimental methods in Fig. 8 along with the 3D electro-thermo-mechanical modeling results. For the modeled values of these quantities, we averaged the values over the 1 µm region adjacent to the source-connected field plate in the gate-drain access region Table I. through the thickness of the GaN buffer that corresponds to the micro-Raman measurement location in the experiment. For the values of the temperature coefficients, we have used the experimental values measured in this work listed in Table I . For the stress and electric field coefficients, we have used the values calculated by DFT in this work, which are also listed in Table I . The error bars on the experimental values represent 95% confidence intervals calculated from the random errors associated with multiple measurements of the Raman peak positions and the uncertainty in the temperature shift coefficients A n stated in Table I .
Both the experimental and modeling results for the vertical electric field in Fig. 8(a) show that E z is negative and increases in magnitude with increasing drain bias, similar to our previous work introducing the two-peak fit method in the pinched OFF state. 17 The E z values extracted from the two experimental methods (two-peak and three-peak) agree within 5% of each other and lie between the two bounds of the electrothermo-mechanical model for [C N ] > N D (p-type buffer) and [C N ] < N D (n-type buffer) as expected. The experimental E z values are closer to the p-type buffer case (≈15% lower than the modeled values), which suggests that the GaN buffer in our DUT is a highly resistive p-type material. The average in-plane stress shown in Fig. 8(b) is compressive with values in the range of 10 MPa to 20 MPa at V ds = 40 V and slightly better agreement for the two-peak fit method given by Eq. (11). The measured stress values show more deviation from a linear trend and have higher relative uncertainties than the measured vertical electric field because less than 20% of the change in Raman peak positions is due to the in-plane stress (>80% is due to E z ). We also find that the temperature rise derived from the three-peak fit method given by Eq. (12) and shown in Fig. 8(c) is ±1 • C with most of the error bars crossing the line ∆T = 0. Thus, the three-peak method to simultaneously measure the vertical electric field, in-plane stress, and temperature rise yields the same vertical electric field and in-plane stress as the two-peak method and negligible temperature rise, even in the presence of significant Raman peak shifts (|∆ω| ≥ 0.5 cm 1 ).
B. ON state
The success of the three-peak fit method given by Eq. (12) in properly decoupling the vertical electric field, inplane stress, and temperature rise in the pinched OFF state in Sec. V A suggests that the same methodology can properly measure these quantities in the ON state at any gate and drain bias. Therefore, we have extracted the temperature rise, inplane stress, and vertical electric field from the changes in peak positions of the three peaks for the ON state measurements in Fig. 4(b) based on Eqs. (5) and (12) and compared the results to our 3D electro-thermo-mechanical model in Fig. 9 . To further validate the three-peak fit method in the ON state, we have also plotted the temperature rise and inplane thermoelastic stress derived by the two-peak fit method introduced by Choi et al. 14 using the pinched OFF measurements as the reference according to Eq. (2). As in Fig. 8 , the error bars on the experimental values in Fig. 9 represent 95% confidence intervals calculated from the random errors Rev. Sci. Instrum. 88, 113111 (2017) The measured results obtained by the three-peak fit method are compared to the electro-thermo-mechanical model and the two-peak fit method using the pinched OFF measurements as the reference. The error bars on the experimental values represent 95% confidence intervals calculated from the random errors associated with multiple measurements of the Raman peak positions and the uncertainty in the temperature shift coefficients A n stated in Table I. of multiple measurements of the Raman peak positions and the uncertainty in the temperature coefficients A n stated in Table I .
The vertical electric field extracted from the ON state measurements plotted in Fig. 9(a) Fig. 9(b) are ≈25% higher than the modeled values. The measured in-plane stress values obtained using the two-peak fit method with the pinched OFF state as the unpowered reference, which should only be the thermoelastic stress, also plotted in Fig. 9(b) , are ≈20 MPa larger in magnitude than the total stress from the three-peak method. This is not expected because the total stress should be more compressive (higher magnitude) than the thermoelastic stress due to the fact that the IPE and thermoelastic stresses are both compressive. The temperature rise extracted from the three-peak fit method in Fig. 9 (c) increases with increasing drain bias and dissipated power as expected with values 5 • C-10 • C lower than the twopeak fit method. The two-peak fit method shows very good agreement with the 3D electro-thermo-mechanical model, in part because the unknown thermal resistance between the bottom of the epoxy die-attach was fitted to the measured temperature rise at V ds = 20 V and kept constant for all of the remaining simulations.
Despite the minor disagreements between the three-peak fit method introduced in this work and the two-peak fit method previously introduced in the pinched OFF state 17 and the ON state, 14 the simultaneous measurement of the vertical electric field, in-plane stress, and temperature rise via the three-peak fit method yields good quantitative results and a number of physical insights into GaN HEMTs and their characterization by micro-Raman spectroscopy. First, we believe that the measurement of the average vertical electric field across the buffer, which is proportional to the electric potential difference, can identify whether the buffer is highly resistive p-type or n-type material when compared to a semiconductor device model. Together with DC and RF measurements of the transistor and elemental analysis via secondary ion mass spectroscopy (SIMS), our Raman-based electric field measurement helps us to identify how the electrostatics of the buffer influenced by the presence of impurities (C, Fe, O, Si, etc.) affect charge trapping and RF performance in GaN HEMTs. Second, we have provided a systematic explanation supported by experiment that describes which quantities are measured by micro-Raman spectroscopy of GaN HEMTs under bias. We have confirmed that the vertical electric field is the same in the pinched OFF state and the ON state, which supports the hypothesis that the effect of the vertical electric field and IPE stress on the Raman spectrum in the ON state is removed by using the pinched OFF state as the unpowered reference. This is further supported by similar temperature and in-plane stress values obtained in the ON state using the two-peak and three-peak fit methods.
where the functions A and ε depend on the local free electron concentration n( r) through the plasmon frequency. 68 We found from the ATLAS/BLAZE model that increasing the drain bias from V ds = 0 V to 40 V in the pinched OFF state with V gs = 5 V slightly decreased the free electron concentration in the top ≈10 nm of the GaN buffer (near the 2DEG) while the remainder (≈1.4 µm) had a free electron concentration of <10 15 cm 3 , regardless of the drain bias. This change in drain bias led to a simulated shift in A 1 (LO) peak position ∆ω A 1 (LO) of less than 0.01 cm 1 , which is negligible compared to the peak shifts we measured due to stress and vertical electric field shown in Fig. 4(a) . While it is possible in other transistor systems for the free electron concentration to affect the optical phonon frequencies of phonon-plasmon coupled modes, we do not believe it to be a significant concern for GaN HEMTs nor to affect the results of this study.
VI. CONCLUSIONS
As compound semiconductor devices, such as GaN HEMTs, continue to mature for high performance transistor applications, micro-Raman spectroscopy will continue to increase in importance for assessing their reliability. In this work, we demonstrated the unique ability to measure the mechanical stress in the c-plane and electric field along the c-axis of the GaN buffer in GaN HEMTs in the presence of temperature rise up to ≈150 • C via micro-Raman spectroscopy. This is achieved by measuring the changes in the peak position of three optical phonon modes of wurtzite GaN and determining the stress, electric field, and temperature coefficients from first principles calculations (DFT) or measurements on a bulk GaN sample. We showed good quantitative agreement between our measured results and a 3D electro-thermo-mechanical model, which offers insights into the electrostatic behavior of the transistor due to the presence of impurities in the GaN buffer. As one of the few experimental techniques that can directly measure electric field components in transistors under bias, we anticipate that this application of micro-Raman spectroscopy will be highly utilized in future studies of thermal, mechanical, and electrical characterization of GaN HEMTs and other next-generation solid-state devices.
APPENDIX: THE EFFECTS OF IMPURITIES ON THE ELECTROSTATICS OF THE BUFFER AND THE AVERAGE VERTICAL ELECTRIC FIELD
One critical issue in the ATLAS/BLAZE model that strongly affects the electric potential and electric field distributions in the GaN buffer is the species and concentration of impurities, traps, or deep-levels (both intentional dopants and unintentional defects) incorporated during the epitaxial growth of GaN on foreign substrates. The manufacturer of the DUT we tested indicates that the GaN buffer is intentionally doped with iron (Fe) because Fe acts as a deep-level acceptor 0.7 eV below the conduction band 59 and helps us to minimize short-channel effects 69 and improve the RF power amplifier efficiency. 61 Secondary ion mass spectroscopy (SIMS) measurements of a different GaN-on-SiC wafer by the same manufacturer also show the presence of carbon (C) at a concentration of ∼10 17 cm 3 , silicon (Si) at ∼2 × 10 16 cm 3 , and oxygen (O) at ∼10 17 cm 3 , all of which are approximately uniform with depth in the GaN buffer. Carbon unintentionally incorporated during the metal organic chemical vapor deposition (MOCVD) growth of GaN can act as a shallow donor (C Ga ) just below the conduction band or a deep acceptor (C N ) 0.9 eV above the valence band. 57 Although SIMS cannot distinguish between these two cases, the lower formation energy of C N suggests that most of the measured C is C N when the GaN film is grown in a nitrogen-rich environment as we expect for this DUT. Both Si (Si Ga ) and O (O N ) act as shallow donors just below the conduction band 70 and are also unintentionally incorporated when present since the GaN buffer is designed to be highly resistive. Although a variety of other defects, such as N and Ga vacancies and threading dislocations, are possibly present in the GaN buffer of the DUT, we focus here on the interaction of Fe, C, Si, and O because we believe that the basic electrostatic behavior of the buffer is controlled by these impurities through their effect on the Fermi level.
The 
